The stereoselective synthesis of a fully functionalized northern hemisphere of the marine natural product amphidinolide H2 is described. A vinylogous Mukaiyama aldol reaction and enzymatic desymmetrization of a meso compound are the key steps in the fragment syntheses. A stereoselective acetate aldol coupling and a 1,3-anti-reduction of the resulting β-hydroxy ketone complete the synthesis of the C14-C26 fragment.
Introduction
The amphidinolides are a group of cytotoxic macrolides isolated from marine dinoflagellate Amphidinium sp., which is symbiontic with the Okinawan flatworm Amphiscolops sp. Since 1986, when Kobayashi et al. first reported on the isolation of a cytotoxic macrolide from laboratory cultured Amphidinium sp., 1 to date 37 macrolides have been found on investigation of different strains.
2 Two further amphidinolides were isolated by Shimizu et al. from a freeswimming dinoflagellate collected at Brewers Beach, St. Thomas, Virgin Islands, USA. 3 The ring sizes of the macrolactones range from 12 to 29 and all of them show significant biological activity. amphidinolide H2 (2) R 2 = CH 3 , R 4 , R 6 = OH, R 1 , R 3 , R 5 = H, Δ 6, 7 amphidinolide H3 (3) R 1 = CH 3 , R 3 , R 5 = OH, R 2 , R 4 , R 6 = H, Δ 6, 7 amphidinolide H4 (4) R 1 = CH 3 , R 3 , R 6 = OH, R 2 , R 4 , R 5 = H, 6,7-dihydro amphidinolide H5 (5) R 2 = CH 3 , R 4 , R 6 = OH, R 1 , R 3 , R 5 = H, 6,7-dihydro amphidinolide H (1) Figure 1 The amphidinolides of the H-group.
Amphidinolide H (1) was first isolated in 1991 from extracts of cultured cells of the Y-25 strain separated from flatworm Amphiscolops breviviridis. 4 The absolute stereochemistry of 1 was elucidated by X-ray diffraction analysis and synthesis of a degradation product. 5 Investigations of the strain Y-42 of the genus Amphidinium led to the isolation of amphidinolide H2 (2) along with three other H-type amphidinolides ( Figure 1 ). 6 The structure of 2 was determined by comparison of the J H,H and J C,H coupling constants and NOESY correlations with those of amphidinolide H (1). Its cytotoxicity was tested against murine lymphoma L1210 and human epidermoid KB cell lines and an IC 50 value of 0.06 µg/mL for both has been found. 6 Within these investigations first SAR-studies indicated that an allyl epoxide unit, the S-cis diene moiety and the C20 ketone are relevant for the cytotoxicity of amphidinolides of the H-group. 6 Biological studies on amphidinolide H (1) revealed that it acts as a specific and highly selective actin binder for which the C8,C9-epoxide seems to be crucial. 7, 8 Amphidinolide H (1) induces polyploid cell formation, which is believed to be a result of cytokinesis inhibition. It could be demonstrated that on treatment with amphidinolide H the actin cytoskeleton was modified whereas the microtubules remained unchanged. 8 The remarkable biological activity and the interesting structural features have initiated considerable synthetic efforts, but although several syntheses of fragments of H-type amphidinolides and the structural related amphidinolides B and L have been published, [9] [10] [11] [12] [13] [14] 15 to our knowledge no total synthesis of these amphidinolides has been accomplished so far.
Retrosynthetic Analysis
Our retrosynthetic analysis dissects amphidinolide H2 (2) into three fragments, allowing a convergent assembly of the molecule (Scheme 1). The coupling of these fragments was planned to be achieved by a stereoselective acetate aldol coupling between C18 and C19, lactonization and an enyne metathesis between C13 and C14. Alternatively, a Palladium catalyzed cross coupling could also lead to the desired 1,3-diene system. This has been shown by Chakraborty et al. 14 
Synthetic considerations
The enyne metathesis has attracted considerable attention during the past decade, which has led to a number of publications. 16 Lee et al. have investigated the factors governing the regioisomeric outcome of enyne metathesis, proposing that first the double bond would react with the catalyst.
17
Depending on the ring size to be formed the exo or the endo product can be obtained. For ring sizes between n = 5-11 atoms the exo product is favored. Rings larger than 11 atoms will preferably generate the exo-methylene unit (endo product).
Therefore, amphidinolide H2 (2) as a large 26-membered macrolactone will be in principal applicable for the desired endo-selective enyne ring closing metathesis. 18 Alternatively, a cross alkyne-alkene metathesis which is known to be endo-selective could also be employed. For the selectivities in the aldol step Chakraborty et al. reported on the aldol coupling between aldehyde 9 and methyl ketone 10 in the synthesis of amphidinolide H (1), which produced the desired product 11 selectively in 80% yield (Scheme 2). They proposed the substituent at C16 to be responsible for the observed selectivity, while in the relevant literature an 1,3-induction of a methyl group is indicated as only moderate.
19
We planned to investigate the stereochemical outcome of this aldol step with the aid of aldehyde 6 which could be used for the subsequent enyne metathesis (Scheme 4).
In case the reported stereochemistry of aldol product 11 is induced by the methyl ketone fragment, it would produce the undesired diastereomer in our case. In order to overrule the potentially inherent induction chiral enolates or Lewis acids could be employed. The optimized conditions were then applied on the reaction with protected L-glyceraldehyde 17 (Scheme 7). After TES-protection of the newly generated alcohol 18, dihydroxylation of the double bond was achieved with a variation of AD-mix α 22 providing the desired diol 20, which was subsequently protected as the acetonide. Removal of the TES group liberated the secondary alcohol for transformation into the thiocarbonyl imidazolide derivative 22.
23
A tin free radical deoxygenation 24 followed by saponification provided acid 24. Subsequently, a sequence of acid activation by iso-butyl chloroformate, transformation into the Weinreb amide 25 and addition of methyl magnesium chloride 26 furnished methyl ketone 25 in 11 steps and 16% overall yield (Scheme 7). At this point we decided to change our initial synthetic plan since the yields and selectivities for the envisioned aldol reaction were by no means satisfactory for the future elaboration of amphidinolide H2 (2).
Therefore, an exchange of the functionalities for the aldol reaction was considered, modifying our retrosynthetical analysis, in that the C14-C19 fragment 30 would react with an C20-C26 aldehyde 31 (Scheme 9). Methyl ketone 29 could be provided on a route starting from the meso compound dimethyl 3-methyl glutarate (31). A literature known sequence of enzymatic desymmetrization using porcine liver esterase, selective reduction of the free acid with borane dimethylsulfide complex and TBS protection delivered ester 33.
31
This was methylated in α-position to the ester group, producing 34 as a mixture of diastereomers. Subsequent DIBAl-H reduction and tosylation of the alcohol led to compound 35. Deprotection of the silyl ether, Swern oxidation, addition of methyl magnesium chloride and Dess-Martin oxidation provided ketone 37. After in situ conversion to the corresponding iodide, elimination with DBU as base took place 32 and afforded the desired C14-C19 fragment 29 in 11 steps with an overall yield of 17% (Scheme 10). Scheme 10 Synthesis of a protected northern hemisphere of amphidinolide H2 (2).
Aldehyde 30 was obtained in one step by DiBAl-H reduction of ester 23. Now the aldol reaction was performed using LiHMDS at -78 °C. The coupling product 38 was obtained in 50% yield and 15:1 diastereoselectivity in favour of the Felkin product (Scheme 11). The assignment of the obtained configuration was achieved using the Mosher ester method.
33
In order to elaborate the C18-stereocenter, a 1,3-anti reduction with tetramethylammonium trisacetoxyborohydride using a method developed by Evans, was employed. 34 The selectivity of this reaction is derived from an intramolecular hydride transfer in the borate formed from reagent and substrate. Protection of the sterically less hindered alcohol was obtained using TIPSOTf. Finally, reoxidation at C20 provided the fully functionalized northern hemisphere of amphidinolide H2 (2).
Conclusion
In summary, a C14-C26 fragment of amphidinolide H2 (2) has been synthesized, making use of a diastereoselective acetate aldol reaction and a subsequent selective 1,3-anti reduction. The fragment contains the necessary functional groups for further synthesis of the natural product. Esterification with a C1-C13 acid could be realized after selective cleavage of the terminal acetonide and protection of the primary alcohol. The terminal double bond at C14 can be used for an enynemetathesis with a suitable alkyne. Investigations towards those couplings are currently underway and should provide a convergent access to amphidinolide H2 (2) in due course.
All reactions were carried out in dried glassware under a positive pressure of Argon, using Schlenk techniques when air-sensitive compounds were employed. Commercially available materials were obtained from Aldrich, Fluka, Merck or Acros, and used without further purification unless otherwise noted. TPPB was purchased from Acros and handled under Argon in a glovebox.
THF and diethyl ether were distilled from Sodium/benzophenone, dichloromethane and NEt 3 were distilled from CaH 2 prior to use. Flash chromatography was performed using Merck silica gel 230-400 mesh.
1 H-and 13 C-NMR spectra were recorded with a Bruker DRX 500, DPX 400, AVANCE 400 or Jeol ECP 500 spectrometer, respectively. Data are reported in δ (ppm) with the residual undeuterated solvent peak (CDCl 3 at δ=7.26 ppm) as an internal standard. High resolution mass spectroscopy (HRMS-EI) was performed using a VG Autospec, electrospray mass spectroscopy (ESI) with a Waters Micromass LCT. Optical rotatiosn were determined with a Perkin Elmer 341 polarimeter at 23 °C and a wavelength of 589.3 nm (sodium lamp) using a 1 mL quartz cell.
α,β-Unsaturated ester 18
A solution of the freshly distilled aldehyde 17 (3.13 g, 24.0 mmol) in diethyl ether (75 mL) was stirred at -50 °C. 
Ester 34
A solution of diisopropyl amine (4.6 mL, 32.7 mmol) in THF (40 mL) was treated with n-butyl lithium (2.5 M solution in hexane, 13.1 mL, 32.7 mmol) at 0 °C. After stirring at this temperature for 45 min, the mixture was cooled down to -78 °C and ester 33 (7.09 g, 27.2 mmol), dissolved in THF (20 mL), was added. It was stirred for another 2 h at -78 °C, before methyl iodide (2.0 mL, 32.7 mmol) was added. The cooling bath was removed after 20 min and it was stirred for 1 h at room temperature. The mixture was then diluted with MTB ether (50 mL) and washed with HCl-solution (2 M, 40 mL), sat. 259.1727.
Tosylate 35
A solution of ester 34 (7.21 g, 26.3 mmol) in THF (70 mL) was treated at -78 °C with diisobutyl aluminium hydride (1.5 M solution in toluene, 44 mL, 65.7 mmol). After stirring at -78 °C for 2.5 hours, sat. aqueous NH 4 Cl solution (10 mL), sat. aqueous Rochelle-salt solution (100 mL) and ethyl acetate (50 mL) were added. The mixture was extracted with ethyl acetate (180 mL), the combined organic phases were dried over MgSO 4 and the solvents were removed under reduced pressure. Purification of the residue by flash column chromatography (hexane-EtOAc, 5:1) afforded the desired alcohol as a colourless oil (6.31 g, 25.6 mmol, 97% over two steps). A solution of the primary alcohol (6.31 g, 25.6 mmol) in pyridine (50 mL) was treated at 0 °C with tosyl chloride (14.6 g, 76.8 mmol), dissolved in pyridine (20 mL). While slowly warming to room temperature, the mixture was stirred for 16 h, before water (40 mL) was added. After extraction with MTB ether (150 mL), the combined organic phases were washed with sat. aqueous NaHCO 3 solution (60 mL), HCl-solution (2 M, 60 mL) and brine (60 mL), and dried over MgSO 4 . After removal of the solvents under reduced pressure, the residue was purified by flash column chromatography (hexane-EtOAc 
Aldehyde 36
A solution of silyl ether 35 (8.00 g, 20.0 mmol) in THF (40 mL) and pyridine (11.4 mL) was treated with HF-pyridine complex (~70% hydrogen fluoride, ~30% pyridine, 5.2 mL, 200 mmol) at room temperature and stirred for 14 h. Sat. aqueous NaHCO 3 solution (100 mL) was added carefully, until a pH value of 7 was adjusted. The mixture was then extracted with MTB ether (210 mL), the combined organic phases were washed with brine (40 mL) and dried over MgSO 4 . After removal of the solvents under reduced pressure, purification by flash column chromatography (hexane-EtOAc, 1:1) afforded the desired alcohol as colourless oil (5.40 g, 18.9 mmol, 94%).
R f = 0.28 (hexane-EtOAc, 1:1) 
Methyl ketone 37
To a solution of methyl magnesium chloride (22% in THF, 30.8 mL, 88.0 mmol) in THF (50 mL) was added a solution of aldehyde 36 (5.0 g, 17.6 mmol) in THF (40 mL) at -78 °C. While slowly warming to -50 °C, the mixture was stirred for 3.5 h, before sat. aqueous NH 4 Cl solution (60 mL) was added. The reaction mixture was extracted with MTB ether (150 mL), the combined organic phases were dried over MgSO 4 
Olefin 29
A solution of tosylate 37 (2.14 g, 7.17 mmol) in DMF (70 mL) was treated at room temperature with NaI (2.69 g, 17.9 mmol) and DBU (5.4 mL, 35.9 mmol), then heated to 100 °C and stirred for 2.5 h. After cooling to room temperature, the mixture was diluted with diethyl ether (25 mL) and water (10 mL). After extraction of the mixture with diethyl ether (90 mL), the combined organic phases were washed with sat. aqueous NaHCO 3 solution (40 mL), HCl-solution (2 M, 20 mL) and brine (60 mL 
Synthesis of diol 39
To a stirred suspension of tetramethylammonium trisacetoxyborohydride (106 mg, 402 µmol) in acetonitrile (1.5 mL) was added acetic acid (100%, 1.5 mL) at room temperature. After stirring for 40 min the reaction was cooled to -35 °C and a solution of hydroxy ketone 38 (20.0 mg, 50.2 µmol) in acetonitrile (1 mL) and acetic acid (100%, 0.7 mL) was added. After 24 h a solution of Rochelle-salt (0.5 M in water, 4 mL) was added and the reaction was allowed to warm to room temperature over 30 min. The reaction was quenched by the addition of CH 2 Cl 2 (10 mL) and sat. aqueous NaHCO 3 solution (8 mL). The layers were separated and the aqueous layer was extracted with CH 2 Cl 2 (20 mL). The combined organic layers were washed with sat. aqueous NaHCO 3 solution (5 mL). The aqueous phases were re-extracted with CH 2 Cl 2 (10 mL). The combined organic layers were dried over MgSO 4 
Synthesis of silyl ether 40
A solution of diol 39 (2.5 mg, 6.2 µmol) in CH 2 Cl 2 (1 mL) was stirred at 0 °C. 2,6-Lutidine (9.2 µL, 79 µmol) and triisopropylsilyl trifluoromethanesulfonate (12.2 µL, 45.4 µmol) was added. The reaction mixture was stirred for 3.5 h at room temperature and subsequently quenched with sat. aqueous NaHCO 3 solution (3 mL). The aqueous layer was extracted with CH 2 Cl 2 (40 mL). The combined organic layers were washed with NaHSO 4 solution (1 M in water, 10 mL), sat. aqueous NaHCO 3 solution (5 mL) and brine (5 mL). The organic layer was dried over MgSO 4 and concentrated in vacuo. The crude material was purified using flash column chromatography (9:1 hexane/EtOAc) to yield silyl ether 40 as colourless oil in quantitative yield (3.5 mg, 6.2 µmol).
[α] D 23 -16.9 (c 0.35, CHCl 3 ); R f = 0.26 (hexane-EtOAc, 9:1).
